A direct an accurate technique for calculating the thermal X-ray absorption fine structure (XAFS) DebyeWaller factors (DWF) for materials of crystalline structure is presented. Using the Density Functional Theory (DFT) under the hybrid X3LYP functional, a library of MnO spin-optimized clusters are built and their phonon spectrum properties are calculated; these properties in the form of normal mode eigenfrequencies and eigenvectors are in turn used for calculation of the single and multiple scattering XAFS DWF. DWF obtained via this technique are temperature dependent expressions and can be used to substantially reduce the number of fitting parameters when experimental spectra are fitted with a hypothetical structure without any ad hoc assumptions. Due to the high computational demand a hybrid approach of mixing the DFT calculated DWF with the correlated Debye model for inner and outer shells respectively is presented. DFT obtained DWFs are compared with corresponding values from experimental XAFS spectra on manganosite. The cluster size effect and the spin parameter on the DFT calculated DWFs are discussed.
INTRODUCTION
X-ray Absorption fine structure (XAFS) [1, 2] is a technique used for probing structural and electronic properties of a material either in crystalline form or in solution. Structural information is typically obtained by least squares fitting experimental data with simulated XAFS spectra of a hypothetical structure. XAFS data analysis can be problematic in cases of high parameter correlation and when the available number of fitting parameters exceeds the total number of parameters that the experimental data can support; the later is approximately parameters as given by the Nyquist theorem [3] . When the later occurs, the number of fitted parameters can be reduced by introducing ad hoc assumptions on the multiple (MS) scattering XAFS Debye-Waller factors (DWF) parameters, e.g. for a triangle double scattering path of MnO, a geometric average of σ DS 2 =(σ 1 2 + σ 2 2 )/2 was reported [4] where σ i 2 are the corresponding single (SS) scattering values for the i-th atom obtained by the correlated Debye model [5] .
The single parameter-Debye temperature Θ Dcorrelated Debye model was found to be sufficient for isotropic materials like copper crystal for low temperatures [6] . However, for anisotropic materials the Debye model no longer provides an accurate description of the DWFs of test samples especially on the MS paths. Poiarkova and Rehr [6] calculated SS and MS DWFs of crystalline materials using force field-equation of motion method. In this work DWFs are calculated using phonon normal mode properties calculated from the ab initio Density Functional Theory (DFT) [7] for various MnO clusters and can be simply expressed as a direct polynomial function of the sample's temperature.
METHOD
Neutral MnO clusters ( Fig. 1) were built, and their spin multiplicity that corresponds to their ground state was identified by interactively calculating SCF energies for various spins of the same cluster. Mn appears as Mn(III) and Mn(IV) on the Jahn-Teller distorted MnO 6 octahedra; thus a neutral spin optimized cluster is an good approximation of the MnO ground state. Normal mode spectrum of the optimized cluster calculations (eigenfrequencies and eigenvectors) was used to calculate the SS and MS σ 2 . The non-local hybrid functional of X3LYP [8] an improvement over the well-known B3LYP [9] functional and the LACVP* [10] atomic basis set ("*" stands for polarization functions) were used to calculate DFT properties. Diffusion functions have not been included in the atomic basis sets due to the high CPU demand on DFT calculations on the MnO clusters used in here, phonon calculations under fully analytical DFT method are not practical with existing resources available. Therefore we employed the pseudo spectral [11, 12] method to calculate most of the fundamental time-consuming integrals as implemented by Jaguar 6.0 and 6.5 [13] . All clusters were constructed with the cubic model structure Fm3m and a lattice parameter of 4.4448 Å [14] . Table 2 . Experimental MnO Fourier transformed χ(R) XAFS spectra were fitted with simulated FEFF8 [17] spectra of an MnO cluster with radius 7.37 Å (Δk = 8.8 Å -1 , ΔR = 6 Å) (Fig. 2) . DFT σ 2 values were used for paths that include the absorber, O (1, 2) , and Mn (1) atoms whereas for the remaining paths the correlated Debye model with two temperatures was employed. Coordination numbers were kept fixed during fitting with the exception of the SS Mn-Mn (3) path; its coordination number was increased by 15 % concurrently with an increase of the σ 2 SS Mn-Mn (2) by 0.002 (×10 -3 Å 2 ). These corrections could be due to geometry distortions on the MnO 6 octahedra because of the mixture of Mn at different oxidation states within the MnO crystal and Jahn-Teller effects [15] . FIGURE 2. Fourier Transformed experimental and best fit χ(R) XAFS spectra for MnO at 300 K. Arrows show the range that σ 2 were directly inputted from DFT or calculated from the correlated Debye model.
RESULTS AND DISCUSSION

CONCLUSION
Non-local DFT has been employed on a series of spin optimized MnO clusters to calculate the phonon eigenfrequencies and eigenvectors. This was in turn used to calculate the SS and MS of σ 2 mean square variations for MnO. Using a "hybrid" approach the ab initio calculations and the correlated Debye model were employed to obtain the structural parameters of a MnO. This method is generic and could be extended to other crystalline materials. The use of periodic DFT to obtain the normal mode spectrum is under investigation.
